The occurrence of perceived reversed motion while observers view a continuous, periodically moving stimulus (a bistable phenomenon coined the ''continuous Wagon Wheel Illusion'' or ''c-WWI'') has been taken as evidence that some aspects of motion perception rely on discrete sampling of visual information. Alternative accounts rely on the possibility of a motion aftereffect that may become visible even while the adapting stimulus is present. Here I show that motion adaptation might be necessary, but is not sufficient to explain the illusion. When local adaptation is prevented by slowly drifting the moving wheel across the retina, the c-WWI illusion tends to decrease, as do other bistable percepts (e.g. binocular rivalry). However, the strength of the c-WWI and that of adaptation (as measured by either the static or flicker motion aftereffects) are not directly related: although the c-WWI decreases with increasing eccentricity, the aftereffects actually intensify concurrently. A similar dissociation can be induced by manipulating stimulus contrast. This indicates that the c-WWI may be enabled by, but is not equivalent to, local motion adaptation -and that other factors such as discrete sampling may be involved in its generation.
Introduction
Rotating wheels in movies or on TV sometimes appear to rotate backwards: this is a manifestation of ''temporal aliasing'' 1 due to the discrete temporal sampling of video cameras (Fig. 1) . A similar (although not identical; see Kline, Holcombe, & Eagleman, 2004; Pakarian & Yasamy, 2003) phenomenon can also be experienced under continuous illumination (e.g. sunlight), which may indicate that the visual system also samples information discretely (Purves, Paydarfar, & Andrews, 1996; Schouten, 1967) . The properties of this continuous version of the Wagon Wheel Illusion (hereafter ''c-WWI'') are beginning to be understood. The illusion, a bistable effect, does not affect the entire visual field at once (Kline et al., 2004) nor does it encompass all motion stimuli superimposed at a given location (Kline, Holcombe, & Eagleman, 2006) , but it appears instead to be restricted to perceived ''objects'' (VanRullen, 2006) . The c-WWI occurs for both first-and second-order motion (VanRullen, Reddy, & Koch, 2005) ; it vanishes if attention is distracted by a secondary task ; it is maximal when the temporal frequency of motion is around 10 Hz, but does not depend much on spatial frequency (Purves et al., 1996; Simpson, Shahani, & Manahilov, 2005; VanRullen et al., 2005) . This implies that if the effect is to be explained by periodic sampling of information, the frequency of this sampling should be around 13 Hz . Interestingly, electrophysiological correlates of this illusion reveal a single component of the EEG power spectrum, around 13 Hz, that differs when illusory vs. real motion are 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2007.03. 019 perceived, the moving stimulus being physically identical in both cases (VanRullen, Reddy, & Koch, 2006) .
Other interpretations of the c-WWI rely on (i) spurious activation of low-level ' 'Reichardt'' (Reichardt, 1961) motion detectors 2 (Holcombe, Clifford, Eagleman, & Pakarian, 2005; Kline et al., 2004) , and/or (ii) the possibility of a singular type of motion aftereffect that would be visible even while the adapting stimulus is still on the screen (Kline et al., 2004 (Kline et al., , 2006 Pakarian & Yasamy, 2003) . Let us hasten to note that the former idea appears incompatible with our above-mentioned observations that the effect occurs similarly for first-and second-order motion, and depends on both attentional resources and the perceptual organization of the scene into objects. The latter explanation is also a delicate one: while in theory, neuronal adaptation 3 could generate signals supporting the ''illusory'' direction of motion, no other visual aftereffect (in the motion, color, orientation or shape domains) has ever been reported to result in spontaneous qualitative switches of perception while the unambiguous adapting stimulus is still present on the retina. If the c-WWI was caused by an aftereffect, then it would have to be a very singular type of aftereffect. In this paper I present a series of experiments that investigate the relation between the c-WWI and neuronal adaptation, as measured by the duration of motion aftereffects. Although the illusion was found to disappear (in direct proportion to the motion aftereffect) when adaptation was prevented (Experiment 1), it was also possible to find experimental manipulations (Experiments 2 and 3) that affected the c-WWI and the motion aftereffects in opposite directions. Thus, adaptation cannot, by itself, account for the illusory motion reversals of the continuous Wagon Wheel Illusion.
Methods

Experiment 1: role of adaptation
Five subjects (3 females), including the author, participated in this experiment. The stimuli were displayed on a computer screen with a refresh rate of 160 Hz, piloted from a PC computer through the Matlab Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) . A ''wheel'' of 2.5 degrees radius was presented at 5 degrees of eccentricity. It consisted of a full contrast radial luminance-modulated grating, which rotated at a temporal frequency of 10 Hz, the optimal frequency for generating the continuous Wagon Wheel Illusion. Two of the subjects viewed an 8 ''spokes'' grating (i.e. with 8 spatial cycles), one subject viewed a 16-spokes wheel, and two subjects performed one experimental session with each of these two spatial frequencies. The results were qualitatively similar, and all trials were thus pooled together in the following analyses. Two of the subjects were presented with clockwise rotation, and three with counter-clockwise rotation.
For each subject, at least four repetitions of a 40-s trial were averaged for each condition. The different trial types were randomly interleaved within the experimental sessions. In the ''static'' condition, the rotating wheel was placed randomly at a given screen location, 5 degrees from the fixation cross, and remained at this location throughout the 40-s trial. In the ''wheel rotates'' condition, the wheel stimulus drifted with a circular trajectory around the fixation point, at a constant drifting speed (1, 2, 4 or 8 revolutions per minute). In the ''fixation rotates'' condition, the fixation point was made to drift around the wheel stimulus, which was kept at the same location throughout the trial. Finally, in the ''both rotate'' condition, both the fixation point and the wheel drifted around the screen with the same speed (1, 2, 4 or 8 revolutions per minute) and trajectory, and so the relative position of the wheel on the retina was static throughout the trial.
For the duration of each trial, the subjects continuously pressed the arrow key corresponding to the current perceived direction of motion; the proportion of the time spent reporting reversed motion was used as a measure of the c-WWI. At the end of each trial, the display was frozen (i.e. both the rotation of the radial grating and the potential drift of the wheel and/or fixation around the screen were stopped), and the duration of the resulting perceived motion aftereffect was measured: the subject pressed a key as soon as the sensation of reversed motion was extinguished.
Experiment 2: effect of eccentricity
Four subjects (2 females), including the author, performed this task. All subjects had also participated in the previous experiment. The stimuli were displayed on a computer screen with a refresh rate of 100 Hz. The wheel stimulus, of radius 3 degrees, was a radial luminance-modulated grating at full contrast, comprising 8 spokes (or spatial cycles). It was rotated at a temporal frequency of 10 Hz. In this experiment the wheel did not drift 2 Reichardt detectors are a family of low-level motion detectors whose computation is based on registering spatial variation in their inputs with a particular time delay. With a bank of such filters spanning several spatial and temporal intervals, such a system's output is equivalent to that of a Fourier motion energy-based system.
3 Adaptation is a term used here to denote the decrease over time of neural signals supporting the perception of a stimulus which is still present in the environment. This decrease could reflect an intrinsic limitation of neuronal circuits, which are often unable to sustain high activity for extended periods of time; but it might also be a useful feature for a perceptual system, in which novel stimuli should be attributed more salience than older ones. In perceptual domains based on opponency (e.g. motion, color), prolonged adaptation to one stimulus value results in an inclination to perceive the opposite value if a neutral input is later presented: this is called an aftereffect. A periodic moving stimulus (e.g. rotating wheel) may be perceived erroneously, even under continuous illumination (sunlight), or on a screen with a refresh rate too fast to produce perceived temporal aliasing. One interpretation of this phenomenon is, thus, that the visual system itself might sample information in discrete ''epochs'' or ''snapshots'' (of course, in the brain the periodicity of such snapshots might not be as regular as the sampling of a video camera). Alternative accounts rely essentially on neuronal adaptation. The following experiments address the role of adaptation in the generation of this illusion.
around the screen, but remained at a constant location for the duration of each 40-s trial. Half of the subjects viewed clockwise rotation motion, and half counter-clockwise. The eccentricity of the wheel stimulus (0, 2 or 4 degrees) was the independent variable for this experiment; the different eccentricities were randomly interleaved within each session.
Perceptual reports were collected in each trial as previously. At the end of each trial, the rotation of the wheel was stopped, and either a static wheel, or one that flickered in counterphase at 10 Hz, was shown at the original wheel location. This resulted in the perception of a ''static'' or ''flicker'' motion aftereffect, respectively; as before, the subject pressed a key as soon as the aftereffect was extinguished, and the duration of the aftereffect was measured. The two aftereffect types (''static'' or ''flicker'') were presented randomly and with equal probability after each trial.
Experiment 3: effect of contrast
Four subjects (2 females), including the author, participated in this experiment. Two of the subjects had not participated in either of the previous experiments. The methods were similar to those used in the previous experiment, except that the wheel stimulus, of 4 degrees radius, was always presented centrally. The increase of stimulus size compared to the previous experiments was meant to compensate for the difficulty in perceiving the wheel at very low contrasts. The radial grating had 8 spatial cycles and rotated at 10 Hz for all subjects (clockwise for two subjects, counter-clockwise for the other two). The contrast of the grating (0.01, 0.05, 0.25 or 1 times the full-range of the computer screen), was the independent variable for this experiment. In a given trial, the same contrast was used for the measurement of the c-WWI (40 s) and the subsequent measurement of the static or flicker aftereffect. Each subject performed at least four trials of each type, randomly interleaved.
Results
Experiment 1: role of adaptation
In the first experiment we contrasted four different experimental conditions that differed by the amount of neuronal adaptation that was allowed to take place (Fig. 2a) . This paradigm was largely inspired by a recent Fig. 2 . Preventing adaptation weakens the c-WWI. (a) We contrasted four experimental conditions that differed by the amount of neuronal adaptation. In the ''static'' condition (used as a reference for normalization of the other conditions), a rotating wheel was shown at a given (fixed) screen location. In the ''wheel rotates'' condition, the wheel drifted at a given speed around the fixation point, thus limiting the amount of local adaptation. In the ''fixation rotates'' condition, the fixation point drifted around the wheel, which was placed at the center of the screen. Finally, in the ''both rotate'' condition, both the fixation point and the wheel stimulus drifted around the screen with the same trajectory (and thus local adaptation for a given retinotopic location would be comparable to the ''static'' condition). For each condition, a trial consisted in 40 s of constant stimulation during which subjects continuously reported the perceived direction of motion, followed by a motion aftereffect test screen. (b) As expected, the aftereffect (which reflects the amount of adaptation in each condition) was comparably strong in the ''static'' and ''both rotate'' condition. In comparison, it decreased strongly when adaptation was prevented by drifting either the wheel or fixation point around the screen. (c) In these two critical conditions, the strength of the c-WWI (measured as the percentage of trial time in which subjects reported the wrong direction of motion) decreased in direct proportion with the amount of neuronal adaptation. In addition, there was a marked decrease of illusion strength in the control condition, when both the wheel and fixation point drifted with the same trajectory. study by Blake, Sobel, and Gilroy (2003) , who reported that a variety of bistable percepts (e.g. binocular rivalry, 3D structure-from-motion) suffer when adaptation is prevented. All of our stimuli were radial gratings rotating at a temporal frequency of 10 Hz, the optimal frequency for perception of the c-WWI. In the reference ''static'' condition, a single rotating wheel was shown at a given point of the screen (5 degrees eccentricity) for 40 s, resulting in maximal local adaptation. All other measurements were normalized to this reference condition. As for any bistable percept (Blake & Logothetis, 2002) , we asked the subject to continuously report the perceived direction of motion by pressing the corresponding key on a keyboard. The strength of the c-WWI was taken to be the proportion of time spent reporting the ''wrong'' (i.e. illusory) direction of motion. In the two critical experimental conditions, local adaptation was prevented by slowly drifting the wheel around the fixation point (at an eccentricity of 5 degrees) or conversely, by drifting the fixation point around the wheel (with the same eccentricity), at a constant drift speed throughout the 40-s trial. As in the study by Blake et al. (2003) , we reasoned that this would limit the time during which any given patch of retina or cortex would be exposed to the moving stimulus, and thus the amount of adaptation. As the drift speed of the wheel (or the fixation point) around the screen was increased (from 0 to 8 full revolutions per minute), the amount of local adaptation would go from maximal to negligible. Finally, we also had a control condition in which both the wheel and the fixation point were drifting around the screen with the same speed and trajectory: this condition would be expected to generate as much neuronal adaptation as the reference ''static'' condition, but would match our two ''critical'' conditions in terms of the displacement of the wheel and fixation.
At the end of every 40-s trial (pseudo-randomized between the four different conditions described above), the display was frozen (i.e. the wheel and/or fixation point stopped drifting around the screen, and the radial rotation of the grating inside the wheel stopped as well), which resulted in the perception of a motion aftereffect (MAE). We asked the subjects to press a key as soon as this motion aftereffect was extinguished, and we used the duration of the aftereffect as a measure of the amount of neuronal adaptation in each of our four experimental conditions.
As can be seen in Fig. 2b , there was a main effect of experimental condition on the (normalized) strength of the MAE (1-way ANOVA, F(3, 16) = 31.1, p < .00001). The control condition generated as much adaptation as the reference ''static'' condition: the mean normalized MAE strength in this condition (averaged over drift speeds) over our five subjects was not significantly different from 1 (t(4) < 0.04, p > .9). On the other hand, as expected, our two critical conditions, i.e. when either the wheel or the fixation point drifted around the screen, showed a marked decrease in the amount of adaptation, as measured by the motion aftereffect (for both conditions, t(4) > 13.0, p < .0002). Overall, this pattern of results suggests that our experimental manipulations did affect neuronal adaptation as planned: negligibly in the reference condition, but strongly in our two ''critical'' conditions. A 3-way ANOVA with factors ''measurement variable'' (i.e. ''normalized c-WWI vs. normalized MAE''), ''experimental condition'' (''static'', ''wheel rotates'', ''fixation rotates'' or ''both rotate'') and ''drift speed'' revealed no 3-way interaction (F(9, 128) = .14, p > .99), and no 2-way interaction between measurement variable and drift speed (F(3, 128) = .12, p = .95). In other words, the effect of our experimental manipulations on the c-WWI exactly mirrored the corresponding fluctuations in neuronal adaptation (Fig. 2c) . The only notable difference was an interaction between measurement variable (c-WWI/MAE) and experimental condition (F(3, 128) = 7.1, p < .0002), which was due to a strong decrease of the c-WWI (compared to the reference condition) when both the fixation point and the wheel stimulus drifted in concert, as assessed by a post-hoc t-test (t(4) = 2.87, p < .05). This difference may reflect a stronger impact of pursuit eye movements on the c-WWI than on the MAE, compatible with the observation that the c-WWI involves attentional, and thus possibly oculomotor systems . For completeness, note that our 3-way ANOVA revealed significant main effects of measurement variable (F(1, 128) = 8.9, p < .005), experimental condition (F(3, 128) = 209.1, p < .0001) and drift speed (F(3, 128) = 3.0, p < .05). No other effects or interactions were significant.
To summarize the results of this first experiment, it appears that when local adaptation is prevented by drifting either the wheel stimulus or the fixation point on the screen, the c-WWI decreases strongly, and in direct proportion with the strength of the MAE. There seems to be a direct relation between our illusion and neuronal adaptation. Does this imply that the c-WWI is nothing more than an unusual manifestation of the well-known motion aftereffect?
Experiment 2: effect of eccentricity
To answer this question, we evaluated the effects of various stimulus manipulations on the c-WWI and on the motion aftereffect. The first manipulation involved placing the wheel stimulus at different retinal eccentricities (0, 2 or 4 degrees). It is already known that eccentricity can modulate the spatial and temporal parameters of motion perception (Baker & Braddick, 1985; van de Grind, Koenderink, & van Doorn, 1986 ); here we asked whether this modulation affects the c-WWI and motion adaptation equally. In this experiment the wheel location was static for any given 40-s trial, and the radial grating inside the wheel rotated at 10 Hz, the optimal speed for perceiving the c-WWI. During each trial, subjects (n = 4) continuously reported the perceived rotation direction. At the end of the trial, the rotation was stopped, and the display was either frozen, or underwent counterphase flicker at 10 Hz (Kelly, 1971; Levinson & Sekuler, 1975; Stromeyer, Kronauer, Madsen, & Klein, 1984) , which resulted in the perception of a ''static'' or ''flicker'' MAE, respectively (Mather, Verstraten, & Anstis, 1998) . Both measures characterize the amount of neuronal adaptation to a motion stimulus, but the flicker MAE is generally thought to provide a more sensitive measure and/or to tap into a higher-order motion system (Culham, Verstraten, Ashida, & Cavanagh, 2000; Ledgeway, 1994; Nishida & Sato, 1995; Verstraten, van der Smagt, Fredericksen, & van de Grind, 1999; Verstraten, van der Smagt, & van de Grind, 1998) . The subjects were instructed to press a key as soon as the impression of (reversed) motion was extinguished. As before, the duration of these aftereffects was used as an estimate of the amount of neuronal adaptation in each condition. Results are shown in Fig. 3 .
In order to compare illusion strength (expressed as a percentage of total viewing time) and adaptation (expressed in seconds), each measure was normalized, for each subject, with respect to its maximum across all eccentricities. A 2-way ANOVA with factors ''measurement variable'' (i.e. ''normalized c-WWI/normalized static MAE/normalized flicker MAE'') and ''eccentricity'' revealed that the effect of eccentricity was different for the c-WWI and the aftereffects (F(4, 27) = 6.7, p < .001). There was no main effect of eccentricity or measurement variable (F(2, 27) < .8, p > .4). Post-hoc tests showed that eccentricity significantly decreased the c-WWI (F(2, 9) = 8.0, p = .01) while it significantly increased the flicker MAE (F(2, 9) = 6.8, p < .02); the corresponding increase observed for the static MAE did not reach significance (F(2, 9) = 1.8, p = .22). However, a direct comparison between c-WWI and static MAE revealed a significantly different effect of eccentricity on the two measures (F(2, 18) = 7.6, p < .005). Thus, the results clearly show that the effect of increasing retinal eccentricity is distinct for the c-WWI and the motion aftereffects. This means that the two phenomena might be related, but they do not reflect a single common underlying mechanism.
Experiment 3: effect of contrast
The second manipulation involved changing the contrast of the radial gratings inside the wheels. A contrast value of 1 was defined as the maximum range of the computer monitor, and several trials were run for each subject (n = 4), randomly interleaved at contrast values of 0.01, 0.1, 0.5 and 1. The wheel stimuli were always presented at fixation, and rotated at a temporal frequency of 10 Hz. As before, each 40-s trial ended with the measurement of the duration of a static or flicker MAE. The contrast of the wheel was identical for the aftereffect measurement as for the rest of the trial duration. Results are shown in Fig. 4 .
As in the previous experiment, a 2-way ANOVA with factors ''measurement variable'' (i.e. ''normalized c-WWI/normalized static MAE/normalized flicker MAE'') and ''contrast'' revealed that the influence of contrast was not the same for the 3 different measures (F(6, 36) = 4.4, p = .002). There was no main effect of contrast or measurement variable (F(3, 36) = 2.7, p > .05 and F(2, 36) = 0.4, p > .5, respectively). Post-hoc tests revealed that increasing contrast significantly increased the strength of the static MAE (F(3, 12) = 16.8, p < .0002); the concomitant increase of the c-WWI strength and decrease of the flicker MAE did not reach significance (F(3, 12) < 2.5, p > .1). However, a direct comparison between c-WWI and flicker MAE revealed a significantly different effect of contrast (F(3, 24) = 4.1, p < .02). These results thus demonstrate another example of a dissociation between the c-WWI and the effects of adaptation, as revealed by the flicker MAE.
Discussion
It is already well-known that the ''static'' and ''flicker'' MAEs reflect different adaptation mechanisms (Culham et al., 2000; Ledgeway, 1994; Mather et al., 1998; Nishida Fig. 3 . Effect of eccentricity. A rotating wheel was shown at a given eccentricity (fixed location) for 40 s, while subjects reported the perceived direction of motion. Then it either stopped or flickered in counterphase, resulting in the perception of a ''static'' or ''flicker'' motion aftereffect. Increasing eccentricity between 0 and 4 degrees resulted in a 2-fold decrease of illusion strength, while at the same time the motion aftereffects increased almost by a factor of 2. & Sato, 1995) . This was confirmed by the clear dissociation observed in Experiment 3 (Fig. 4) . In addition, the present results indicate that the c-WWI cannot be identified with either type of aftereffect: it behaves opposite to the flicker aftereffect when either stimulus contrast or eccentricity is manipulated; it behaves opposite to the static aftereffect when eccentricity (but not contrast) is manipulated. Short of assuming that the c-WWI represents a novel, third type of aftereffect, these observations beckon the conclusion that adaptation cannot entirely explain the continuous Wagon Wheel Illusion.
This does not mean, however, that adaptation plays no role in the c-WWI. As we have seen in Experiment 1, local adaptation is critical for the illusion to occur. As for other bistable percepts (Blake et al., 2003) , this may reflect a need for local competition between two alternatives; this competition may require a certain minimal duration for perceptual switches to occur (indeed, the first occurrence of the illusion after the stimulus is turned on takes considerably longer to develop than most subsequent perceptual intervals). In this sense, this interpretation amounts to saying that the c-WWI is a bistable percept (Kline et al., 2004) , and there is now reasonable agreement in the community that this is the case Andrews, Purves, Simpson, & VanRullen, 2005; Holcombe et al., 2005 ). The critical question, then, is what mechanism could be responsible for generating the neuronal signals supporting the alternative motion direction? Indeed, contrary to most bistable percepts, the visual stimulation in the c-WWI is unambiguous, i.e. there is no signal falling on the retina to sanction the illusory direction of motion; therefore, the ambiguity must arise somewhere within the visual system. One hypothesis (Holcombe et al., 2005; Kline et al., 2004) is that these signals arise due to aliasing in low-level Reichardt detectors. However, as we have already argued in the Introduction, this would not be easy to reconcile with our observations that (i) the illusion occurs similarly for first-and second-order motion, (ii) it depends critically on attentional resources and (iii) it depends on the global perceptual organization of the scene into objects.
Another interpretation, the one we have favored so far, could be that the c-WWI is due in part to discrete sampling of motion information by the visual system (Purves et al., 1996) . We have calculated that in order to account for the psychophysical properties of the illusion, this sampling should occur at a rate of approximately 13 Hz . Using EEG, we verified that illusory motion perception is accompanied by changes of cortical activity specifically restricted to a frequency band around 13 Hz . The localization of these effects over right parietal electrodes hinted at an involvement of cortical regions specialized in directing attention to temporal events and long-range apparent motion (Battelli et al., 2001; Battelli, Cavanagh, Martini, & Barton, 2003; Braddick, 1980) . This reinforced our observation that the illusory reversals do not occur when attention is directed away from the moving stimulus -in such a situation, first-order motion processes, mostly independent of attention, and thus of the postulated discrete sampling, would single-handedly dominate perception. Overall, the available evidence, including the present results, could indicate that attention samples motion information in discrete epochs at a rate of approximately 13 Hz; due to temporal aliasing, this sampling would generate erroneous signals in support of the ''wrong'' motion direction when periodic stimuli move at a rate of about 10 Hz; under the influence of adaptation, these signals could briefly come to dominate perception, and trigger the continuous Wagon Wheel Illusion.
